Abstract: Climate change is projected to increase growing season length and temperature in Canada but how soybean [Glycine max (L.) Merr.] will respond is uncertain. By modelling soybean responses to climate change scenarios, stakeholders can develop adaptation strategies. The CSM-CROPGRO-Soybean and STICS models were used to simulate soybean responses under baseline and in near and distant (2071-2100) future climate scenarios, including those resulting in altered seeding dates in eastern Canada. Field data collected in Ottawa were used to evaluate the models. The simulated seed yield using the CSM-CROPGRO-Soybean model showed an increase of about 14% (0.34 t ha −1 ) in the near future and a decrease in the distant future under RCP8.5 and the STICS model estimated a decrease in both the near and distant future. When the crop parameters determining the life cycle were increased by 30% and 40%, the simulated seed yield increased by more than 5%-10% and 10%-20% and by more than 20%-30% and 27%-40% if combined with current harvest index levels. Our simulations showed that soybean seed yield would not benefit from a prolonged growing season under the projected future climate in eastern Canada, unless harvest index is maintained.
Introduction
The annual seeded area of soybean has quickly expanded in Canada from 0.28 million ha in 1981 to 1.82 million ha in 2013 (FAOSTAT 2015) . Most of the area is located in eastern Canada, especially in Ontario, where 1.24 million ha of soybean were harvested in 2014 [OMAFRA 2015] . In Canada, soybean is usually rotated with cereal crops to improve soil tilth and increase soil organic matter. Soybean seed yield (in dry matter hereafter) increased from 2.2 t ha −1 in 1981 to 2.8 t ha −1 in 2014 in Ontario (OMAFRA 2015) . It was estimated that 50% of the increased yield was attributed to genetic improvement and the remainder to enhanced management or other factors such as climate (Boote 2011) . As a source of food, feed, and biofuel, there will undoubtedly be a continuing increase in demand for soybean production in the future. Thus, modeling soybean responses to future growing conditions under projected climatic change is warranted so that stakeholders may adapt to meet the expected demand.
Crop growth and seed development are strongly affected by climatic factors including temperature, ambient CO 2 concentration, and precipitation (Howden et al. 2007 ). Due to enhanced greenhouse effects [IPCC 2007] , the climate in Canada is projected to be warmer in the future, lengthening the growing season and increasing the amount of heat for plant growth (Qian et al. 2013) . These projections agree well with observed historical trends. An earlier growing season start in the late 20th century resulted in more available heat units and an extended growing season compared with the early part of the century (Qian et al. 2012) . While experiments in a controlled environment are useful to mimic future conditions, they can be costly when they are conducted to study different scenarios. As an alternative, crop growth models may simulate crop development and yield by integrating environmental factors and crop management practices. These models are powerful tools for assessing crop responses to different climatic conditions and management practices.
Many crop models have simulated soybean growth under expected climate change scenarios, such as SOYBEANW (Wolf 2002b) , Agro-IBIS (Twine et al. 2013) , GLICIM (Haskett et al. 1997) , EPIC (Phillips et al. 1996) , and CROPGRO (Wolf 2002b; Brassard and Singh 2007; Bao et al. 2015a Bao et al. , 2015b . In these studies, soybean yields under climate change scenarios were often simulated with similar seeding dates to the baseline conditions. Simulated soybean yields increased or decreased depending mostly on the study location (Mall et al. 2004; Bootsma et al. 2005; Boote 2011 ). One complication is that the growing duration for a given cultivar would be shortened by the increased temperature in a warmer future climate while the soybean seeding date may be shifted later to avoid potential heat stresses in the southeastern United States (Bao et al. 2015b ). Apparently such projections, especially shifting the seeding date, may be region-dependent. Therefore, projecting more specific climate change impacts on soybean growth and yield in a Canadian context is necessary, as the area seeded to soybean may be expanded with the projected warmer future.
The CSM-CROPGRO-Soybean model is included in the Decision Support System for Agrotechnology Transfer (DSSAT) v4.6 (Jones et al. 2003; Hoogenboom et al. 2015) . This model was originally developed as CROPGRO for simulating soybean growth and development with a daily time step (Boote et al. 1998 ). The CSM-CROPGROSoybean model has been evaluated for simulating soybean growth under various environments and used in climate change impact studies such as in the southeastern United States (Carbone et al. 2003; Bao et al. 2015a) , southern Québec (Brassard and Singh 2007) , India (Mall et al. 2004) , and France (Wolf 2002a) . Another widely used crop model, STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard, http:// www6.paca.inra.fr/stics_eng), has been adapted to simulate soybean growth and yield in eastern Canada (Jégo et al. 2010) . STICS is a dynamic soil-crop simulation model (Brisson et al. 2003) . It was initially parameterized and evaluated for bare soil, winter wheat, and corn crops (Brisson et al. 1998) . It has been adapted for other crops such as rapeseed, sunflower, soybean, flax, tomato, sorghum, lettuce, mustard, sugar beet, and potato (Brisson et al. 2003) .
The objectives of this study were to calibrate and evaluate the CSM-CROPGRO-Soybean model using experimental data collected in eastern Ontario and then use the model to simulate soybean yield response to variations in seeding date under projected climate change scenarios. As a comparison, the previously calibrated STICS model (Jégo et al. 2010 ) was used to investigate uncertainties associated with crop models. Simulating the responses of crops to climate change has large uncertainties due to differences in the structures and parameters among crop models (Asseng et al. 2013 ). Multi-model ensembles are recommended to estimate such uncertainties (Bassu et al. 2014; Martre et al. 2015) .
Materials and Methods

Field experiments
Field experiments were conducted at the Central Experimental Farm (CEF, 45°23′N, 75°43′W, elevation 79 m) and the Canadian Food Inspection Agency farm (CFIA, 45°18′N, 75°45′W, elevation 90 m) in Ottawa, ON. The cultivar and soil properties of the experiments are summarized in Table 1 . No nitrogen (N) fertilizer or irrigation water was applied. Daily maximum and minimum air temperature, solar radiation, and total precipitation were measured on site.
At the CEF site, two cultivars, AC Bravor and AC Harmony, were grown on a Grenville soil from 1993 to 1996. The cultivar AC Bravor belongs to maturity group (MG) 0 and AC Harmony to MG 00. Based on the characteristics of the timing of flowering and maturity and its geographical adaptation, soybean has been classified into 13 MG from 000, 00, 0, 1, : : : 10 with an increasing life cycle (Cober and Voldeng 2001; Zhang et al. 2007 ). Soybean cultivars of MG 000, 00, and 0 are the earliest in maturity and are mainly adapted to southern Canada. The experimental field was ploughed annually in the fall and cultivated prior to seeding in the spring with herbicide applications to control weeds. Soybean was seeded on 18 May 1993 , 24 May 1994 , 19 May 1995 May 1996 at 50 seeds m . Each plot consisted of four rows 40 cm apart and was 1.6 m × 5.0 m. During the growing season, destructive samples were collected weekly or biweekly to measure shoot biomass. Biomass was measured from 10 plants and separated into stems, leaves, and pods, packed in paper bags, and then ovendried at 70°C for at least 48 h before weighing. Four intact rows were harvested using a combine in October to obtain seed yield. Details of the experiments can be found in Morrison et al. (1999) .
At the CFIA site, the cultivar AC Bravor was seeded at the rate of 50 seeds m −2 on 9 June in a loam soil and on 26 May into a loamy sand soil in 2008. An unidentified soybean cultivar from MG 0 or 00 was seeded into a clay loam soil on 25 May 1995 and on 26 May 1999. During the growing season, shoot biomass was measured several times at 1-3 wk intervals. Soybean was harvested using a combine and the seed yield was also measured. Details are provided in Jégo et al. (2010) .
Crop models
In the CSM-CROPGRO-Soybean model, the growth rate is determined mainly by temperature and photoperiod and includes constraints of water and N stresses. The temperature growth factor is an average daily value that is computed using hourly temperature. Water stress is calculated by crop potential and actual transpiration. The potential transpiration is calculated by the Priestley-Taylor equation (Priestley and Taylor 1972) . The actual transpiration is calculated using leaf area index, soil evaporation, and soil water content (Ritchie 1972) . Nitrogen may be supplied by the soil, mobilized from plant tissues, or assimilated through symbiotic fixation. New tissues primarily use N translocated from older tissues. In the current study, canopy photosynthesis is computed using leaf-level photosynthesis parameters and hedge-row light interception calculations. Photosynthesis of sunlit and shaded leaves is computed hourly using the asymptotic exponential response equation, where quantum efficiency and light-saturated photosynthesis rate depend on CO 2 and temperature (Boote and Pickering 1994) . Thus the CO 2 concentration can affect photosynthesis and evapotranspiration (Pickering et al. 1995) . Doubling the ambient CO 2 concentration may increase the photosynthetic rate by about 30% and reduce the potential evapotranspiration rate by about 5%. Seeds have the first priority for assimilation over vegetative tissues, up to a maximum reproductive partitioning factor. The development rates are computed as functions of temperature and day length and modified by the stresses of water and N.
In the STICS model, the phenology module calculates phenological stages based on the degree-day concept (Bonhomme et al. 1994 ) modified by a photoperiodic factor for soybean simulation. The shoot growth module simulates leaf dynamics, radiation interception, shoot biomass growth, and partitioning to biomass in plant organs. Daily production of shoot biomass relies on the concept of radiation use efficiency, which is modified by stress factors including temperature, water, and N. The temperature stress factor is calculated with two options by either daily or hourly temperature in STICS and daily temperature was used in this study. Net mineralization in the soil is the sum of humus and organic residue mineralization. In the case of legumes, symbiotic fixation is simulated. The daily absorption of N is equal to the minimum supply available through the soil-root system and crop requirements. Crop requirements correspond to a relationship established from the upper envelope of N dilution curves (Lemaire and Gastal 1997) . In this study, potential evapotranspiration was calculated using the Priestley-Taylor equation (Priestley and Taylor 1972) . The effect of CO 2 concentration on radiation use efficiency is expressed using an exponential function adapted from Stockle et al. (1992) and is included in the STICS model (Bergez et al. 2014) . The seed yield formation is calculated by applying a harvest index increasing linearly with days after flowering (Spaeth and Sinclair 1985) and shoot biomass. Threshold temperatures for translocation can temporarily halt seed filling. In this study, calibration and evaluation were performed only for the CSM-CROPGRO-Soybean model, as the STICS model had been calibrated and evaluated previously for Ontario (Jégo et al. 2010) . Data from the experiment at CEF in 1993 and 1994 were used to calibrate the cultivar coefficients (Table 1 ). The calibrated model was evaluated with independent experimental data obtained at CEF in 1995 and 1996 and at CFIA in 1995 , 1999 , and 2008 . The simulated attributes using cultivar AC Bravor were compared with the measured values at CFIA in 1995 and 1999.
Following the model evaluation procedures proposed in Bouman and Van Laar (2006) , simulated and measured shoot biomass and seed yield were compared. The criteria for the comparison include the P value in paired t test (P(t)) and root mean squared error (RMSE) and its normalized value (nRMSE) with the measured mean. Mean error (ME) and relative mean error (ME%) were also derived.
Scenarios
Future climate scenarios under two representative concentration pathways (RCP), RCP4.5 and RCP8.5, were developed based on climate change simulations using the state-of-the-art regional climate model CanRCM4 (Scinocca et al. 2016) . Bias corrections using the methodologies in Qian et al. (2016) were applied to the outputs of CanRCM4 before they were used to drive the crop models. These two pathways represent medium-low and high emission scenarios used in the Fifth Assessment Report of IPCC (2013). The atmospheric CO 2 concentrations used in the simulations are 498 and 571 ppm for the near future (2041-2070) and 532 and 801 ppm for the distant future (2071-2100) under RCP4.5 and RCP8.5, respectively, to account for the direct effects of CO 2 .
Three scenarios were conducted using the CSM-CROPGRO-Soybean and STICS models to simulate soybean yield responses to seeding date and virtually modified cultivars for a prolonged growing period under baseline and future climate scenarios. The calibrated cultivars AC Bravor and AC Harmony in this study were used in the CSM-CROPGRO-Soybean model. The calibrated cultivar CanSoyEst in Jégo et al. (2010) was used in the STICS model. For scenario I, seeding date was estimated with air temperature using the criteria in Bootsma and Brown (1995) for each year and a series of delayed seeding dates were created at a 2 d interval to a maximum delay of 14 d from the estimated seeding date. The second scenario (scenario II) was used to estimate the effects of cultivar adaptations to the warmer climate in the future as the current cultivars in the experiments are suitable only for the relatively short growing seasons of the present climate. The estimated seeding date was used and the parameters governing the growing period were increased by 10%, 20%, 30%, and 40% for the cultivars in both crop models. These modifications were conducted on three parameters determining photothermal days from emergence to first flower, first flower to first seed, and first seed to physiological maturity in the CSM-CROPGRO-Soybean model and two parameters determining degree-days from emergence to the beginning of grain filling and beginning of grain filling to maturity in the STICS model. The harvest index of soybean has increased stably in the last century (Morrison et al. 1999) . It is reasonable to assume that breeding efforts may continue to improve or at least maintain current harvest index levels by overcoming the potentially negative impacts of a future warmer climate (Cure and Acock 1986; Ruiz-Vera et al. 2013; Tacarindua et al. 2013) . In scenario III, the seed yields were additionally modelled with the current harvest index levels that were simulated under the baseline climate conditions while all other conditions were kept the same as in scenario II.
Heat stress on seed filling rate was represented by a heat stress factor that increases linearly with temperature from 0.0 (no stress) at a daily mean temperature of 24°C to 1.0 (maximal stress) at 39°C with no seed filling (Hatfield et al. 2011) . We calculated the heat stress strength on seed filling by averaging daily values of the heat stress factor from first flowering to maturity. Water stress in the growing season computed by the crop models was also analyzed. The number of days with heat stress and water stress were counted for the entire growing season from seeding to maturity.
Results
Evaluation of the CSM-CROPGRO-Soybean model
The calibrated parameters for the two cultivars were similar (Table 2) , although the total photothermal days required to reach maturity by AC Bravor were slightly greater than for AC Harmony. This is reasonable as they are from MG 0 and 00. In most cases, the simulated shoot biomass was within one standard deviation of the measured values (Fig. 1) . The results for leaf and stem biomass were similar to the shoot biomass (Table 3) , although a higher nRMSE was observed for leaf biomass. The pod biomass was fairly well simulated except for the final pod biomass, which was underestimated in 1995. The average simulated final pod biomass in 1995 was 0.52 t ha −1 less than the measured value, resulting in a RMSE of 0.77 t ha −1 and an nRMSE of 24%.
Deviations of simulated yields to measured values were mostly within or very close to one standard deviation of measured yields (Fig. 2) except for 1996, when the simulated seed yields were greater than the measured seed yield. Based on evaluated data, simulations resulted in a good estimation of the seed yield with an ME of 0.17 t ha −1 , RMSE of 0.57 t ha −1 , and nRMSE of 18%. The accuracy of the simulation was acceptable, with a very small difference between the means of the simulated (3.31 t ha −1 ) and measured (3.14 t ha −1 ) yields.
Scenarios
Based on the projections, warming would be greater under RCP8.5 than under RCP4.5, especially for the distant future. Mean annual air temperature was projected to increase by 3.2°C for the near future and 3.8°C for the distant future under RCP4.5 and by 3.9°C and 6.3°C under RCP8.5. In contrast, projected precipitation levels did not show a clear trend. Corresponding to the projected warming, the estimated seeding date would be earlier in the future than the baseline (Table 4) , on average, by 10 and 11 d under RCP4.5 and 13 and 19 d under RCP8.5 in the near and distant future, respectively.
With the same seeding date, AC Bravor generally required 2-4 more days to mature than AC Harmony as simulated by the CSM-CROPGRO-Soybean model. The soybean life cycle would be shortened under the future climate scenarios (Table 4) when the estimated seeding dates were simulated. Similar shortening was simulated by the STICS model; for example, the simulated life cycle in the near and distant future was shortened by 8-12 d under RCP4.5 and 11-16 d under RCP8.5 (Table 4) compared with the baseline.
Simulated seed yield under the future climate scenarios varied with RCPs, the time horizon, and the crop models (Fig. 3) . The simulations have taken the potential shift of seeding into account as the estimated seeding dates were used. The simulated yield had little change under RCP4.5 but increased 14% (0.34 t ha −1 ) in the near future and slightly decreased in the distant future under RCP8.5 using the CSM-CROPGRO-Soybean model. The two cultivars had similar yield responses to future climate change; however, the simulated yield under future climate scenarios showed a decrease compared with the baseline using the STICS model by as much as 32% (1.04 t ha −1 ) for the distant future under RCP8.5. The increased standard deviation of the simulated seed yields using both crop models indicated higher yield variability in future climate conditions.
Unlike the simulated seed yield changes, the biomass consistently increased under the future climate scenarios (Fig. 4) using the estimated seeding dates in the simulations. Simulated biomass increased by 5% and 10% under RCP4.5 and by 10% and 20% under RCP8.5 for the near and the distant future, respectively, using the CSM-CROPGRO-Soybean model. Simulated biomass was higher using the STICS model by 17% and 18% under RCP4.5 and by 18% and 23% under RCP8.5 for the near and the distant future, respectively.
Simulated biomass and seed yield decreased with delayed seeding dates (with respect to estimated seeding dates) using the CSM-CROPGRO-Soybean model (Fig. 4) . The estimated seeding dates were considered as optimal or ideal for planting and our simulated results supported this assumption. Simulated seed yield decreased by less than 2% under the baseline and RCP4.5 scenarios and by about 7% under the RCP8.5 scenarios. In general, the simulated biomass decreased linearly with the delayed seeding dates. A 6% reduction in biomass was simulated for a 2 wk seeding date delay under the baseline climate and similar trends were simulated under future climate scenarios.
Simulated biomass and seed yield responses to the delays in seeding date using the STICS model were similar to the results based on the CSM-CROPGRO-Soybean model, with an apparent exception under RCP8.5 for the distant future (Fig. 4) . Both the simulated biomass and seed yield slightly increased after a 2 d seeding date delay for 2071-2100 under RCP8.5.
The cultivars used in this study are from MG 00 and 0, which are suitable for the current climate but are not necessarily suitable for the projected warmer future climate that may contribute to a longer growing season and greater heat units. To assess the potential benefits to soybean seed yield from the projected future climate, virtual cultivars were used by increasing the cultivar parameters that determine the life cycle of soybean. The simulation results using the CSM-CROPGROSoybean model under the projected future climate (Fig. 5a) showed that the seed yield could increase by 5% and 10% over the current cultivar only when phenology parameters were increased by 30% and 40%, respectively. A larger seed yield increase (by 10% and 20%) was simulated using the STICS model (Fig. 5b) ; however, the seed yield would increase in all scenarios with prolonged growing seasons if the current levels of soybean harvest index were maintained. The seed yield could increase by more than 20%-30% and 27%-40% with the phenology parameters increased by 30% and 40% when combined with the current harvest index levels (Figs. 5c, 5d ).
Discussion
Model evaluation
The seed yields of the evaluation set were well simulated except for an apparent overestimation in 1996, although shoot biomass and pod biomass were well simulated for that year. This overestimation was also found in a study using the STICS model (Jégo et al. 2010) . The possible causes to reduce the threshing percentage in 1996 need to be further verified. Variation of the simulated leaf area and biomass matched well with the measured data, showing a satisfactory performance for the model to simulate soybean crop growth. The CSM-CROPGRO-Soybean model has also been evaluated for the cultivars from MG 5 to 7 based on multiple Day after seeding site-year experiments (Carbone et al. 2003) and the results supported the use of this crop model to simulate the impacts of climate change on soybean production in the southeastern United States. Our evaluation based on the multiple-year experiments using two cultivars from MG 00 and 0 showed that the model is capable of reproducing the development, growth, and soybean yield in eastern Canada.
Response to climate change
Even if an earlier seeding date is considered as an adaptation measure to a warmer future climate, the life cycle of soybean would still be shorter under future climate scenarios than the baseline as simulated using two crop models. The simulated shorter future life cycles using the STICS model were larger than that using the CSM-CROPGRO-Soybean model, reflecting the different Note: N, number of measured/simulated data pairs; X obs , mean of measured values; X sim , mean of simulated values; SD, standard deviation; P(t), P value from the paired t test, difference in the mean is considered statistically significant at the significance level of 0.05 if the P value is smaller than 0.05; RMSE, root mean square error between simulated and measured values; nRMSE, normalized root mean square error between simulated and measured values (%); ME, mean error; ME%, relative ME. 1993 1994 1995 1996 1993 1994 1995 1996 1995 1999 approaches used to simulate soybean development in the two models. Temperature is the driving factor for soybean development that is also modified by the photoperiod in both models. Water and N stresses influence phenological development in the CSM-CROPGROSoybean model while that function was not active in the STICS model in this study. Canada's future climate is projected to be warmer, resulting in a prolonged growing season with more heat units for warm-season crops such as soybean (Qian et al. 2013 ). The estimated seeding dates for soybean under future climate scenarios were earlier than the baseline in this study. This earlier seeding recommendation should be tested to synchronize soybean growing season with local climate characteristics to better prevent adverse factors such as water stress and high temperatures. Evapotranspiration increases with rising temperature (Ritchie 1972) , leading to greater water demand that may increase the risk of water deficits. The simulations showed that the water stress would increase in strength and frequency for soybean in the near and distant future (Table 5) . A daily mean temperature above 24°C may reduce the seed filling rate in soybean (Hatfield et al. 2011; Fischer et al. 2014) . Given the fact that the highest monthly mean temperature in Ottawa was 21°C in July under the baseline, heat stress for soybean seed filling is currently not a principal concern; however, soybean could experience more heat stress during seed filling, with a projected increase in annual mean temperature of 6.3°C in the distant future under RCP8.5 and 3.2°C -3.9°C in the other scenarios. The calculated heat stress showed a very small heat stress effect on seed filling rate under the baseline but heat stress increased in the near to distant future based on average strength and the number of days with stress (Table 5 ). As mentioned in the previous model descriptions, in both models the temperature stress is applied to crop development and growth. The calculated heat stresses on seed filling showed a potential risk of increasing temperature on soybean yield formation in the warmer future climate. Bao et al. (2015a) suggested an adaption practice that seeding date should be delayed to avoid heat stress in Tifton (31.48°N) in the southeastern United States under the projected future climate. In our simulations, soybean seed yield would not benefit from the delayed seeding date in eastern Canada under the projected future climate. The contradictory recommendation highlighted the importance of local climate conditions in determining the timing for seeding, as Tifton is located in the subtropical zone and Ottawa is in the temperate zone as defined by the Global AgroEcological Zones (Fischer et al. 2002) .
Seeding date was often fixed to the same date as the baseline in climate change impact studies using crop models (Wolf 2002b; Brassard and Singh 2007; Bao et al. 2015a Bao et al. , 2015b ). Thus it is not surprising that the growing period reported in those studies would be shortened under the warmer future climate. However, shifting crop seeding date to an earlier date may be a natural adaptation to the warming trend, thus it may be more logical to compare crop performance by integrating adaptation measures at least with altered seeding timing, as done in this study. It has been observed that the growing period for soybean would still be shortened with an earlier seeding date used in the simulations for current cultivars. The shortened growing period could result from higher future temperatures and the earlier seeding date that would shift the soybean growing cycle into a shorter photoperiod environment. The day length difference is about half an hour between the dates with a 10-19 d interval in spring in Ottawa. As soybean is a short-day plant, its life cycle (from seed to seed) and duration of the individual phases of development within the life cycle are dependent on photoperiod and temperature. Future cultivars with a lengthened life cycle may benefit from warmer future climates, which is another key factor to be considered in climate change impact studies on crop production.
Soybean leaf photosynthetic rate and canopy assimilation of biomass increase with elevated CO 2 concentrations (Ainsworth et al. 2002) . As a result, soybean production may increase by 38% with a doubling of the CO 2 concentration from 350 to 700 ppm (Boote 2011) . Rising temperature was generally considered as a negative factor for soybean production in warm regions (Mall et al. 2004; Bao et al. 2015a) or as a positive factor for soybean production in cool regions (Wolf 2002b) . In this study region, increasing temperature in the near and distant future may not often reach the level for heat stress on photosynthesis for which the cardinal temperature is above 32°C for soybean (Vu et al. 1997; Hatfield et al. 2011) . Therefore, the soybean response to increasing temperature will depend on current local mean temperature (Boote 2011) . It was found in this study that soybean biomass was simulated to increase under future climate scenarios but seed yield would not benefit from the increased biomass. It implies that the harvest index of soybean would decrease under future climate scenarios with increased temperature and CO 2 concentration. It has been reported that the harvest index of soybean decreases under doubling of the CO 2 concentration (Cure and Acock 1986) and with increased temperature through reductions of pod and seed numbers (Ruiz-Vera et al. 2013; Tacarindua et al. 2013) . Ruiz-Vera et al. (2013) concluded that under future climate conditions, the combined effects of elevated CO 2 concentration and higher temperature would likely reduce growth due to overriding environmental factors but this conclusion was based on current crop cultivars. From our simulations, new soybean cultivars with an increased harvest index may benefit from the prolonged growing season and increased CO 2 concentration in future climate scenarios. Previous breeding efforts to increase harvest index have significantly boosted soybean yield (Morrison et al. 1999; Rowntree et al. 2014) and breeding efforts to keep a high harvest index will likely continue. Selecting cultivars from the right MG for warmer future climates should be an essential adaptation measure for soybean production in regions where it is currently cool. Using a virtual cultivar with parameters modified to the prolonged growing period with current harvest index levels, the simulation results showed that seed yield could increase under future climate scenarios. Thus, future new cultivars with longer vegetative, reproductive, and seed filling periods will be favorable to capitalize on the extra heat and CO 2 . Model uncertainty was observed in our simulation results under future climate conditions. The differences in simulation results between the two models were due to their different structures and approaches (e.g., how crop growth responses to CO 2 concentrations are modelled). In the CSM-CROPGRO-Soybean model, CO 2 concentration affects photosynthesis and evapotranspiration (Pickering et al. 1995) whereas in the STICS model, CO 2 concentration modifies radiation use efficiency (Bergez et al. 2014 ). Another example is in modelling yield formation as described previously. The seed priority approach is used in the CSM-CROPGRO-Soybean model and a harvest index is dynamically computed in the STICS model. Different simulation results among different models have also been reported (Bassu et al. 2014) . Simulations by different crop models provide useful information for assessing the uncertainties in the projected crop production associated with the uncertainties in greenhouse gas emission scenarios and climate projections (Rogers et al. 1995; Vu et al. 1997; Long et al. 2006; Reich et al. 2006; Twine et al. 2013) . It is understandable that a crop model may be good in mimicking some, but not all, aspects of the cropping system. Field experiments have shown that delaying seeding reduced soybean yield but the extent depended on location (Egli and Cornelius 2009) . Our simulation results showed a yield reduction of about 0.5% per day of delay. This is consistent with the observations in Ontario for soybean production (i.e., an 8% yield reduction is expected for a seeding delay from 10 to 24 May) (OMAFRA 2015) . The recommended seeding date in Ontario also supports our estimated seeding date for the baseline climate (14 May, on average, with a range from 3 to 31 May). A slight yield increase under the delayed seeding dates was simulated using the STICS model for the distant future under RCP8.5 with the highest temperature increases. These contradictory simulation results may be explained by the different methods used to simulate the water stress impacts on crop growth and by the different crop parameter values. Experimental data on soybean responses to extreme hot conditions may be required for further model parameterization to improve confidence in predicting soybean yields under projected climate change.
Conclusions
The CSM-CROPGRO-Soybean model was found to be satisfactory in simulating soybean development and growth and is capable of simulating soybean yield under different climate conditions in eastern Canada. Seeding date would be 10-19 d earlier in the future (2041-2100) than the baseline under RCP4.5 and RCP8.5. Both the CSM-CROPGRO-Soybean and STICS models simulated a positive response of soybean biomass to a warmer future climate; however, seed yield might not increase due to the reduced harvest index under future climate scenarios. The simulations also showed that soybean seed yield would generally decline with delays in seeding beyond the estimated seeding dates. Unless new soybean cultivars are developed to maintain the harvest index with life cycles longer than current cultivars, our simulations showed that soybean seed yield would not benefit from the prolonged growing season under projected future climates in eastern Canada.
